prevention of neurological deficits. Given the deleterious effects of epilepsy on patient quality of life, an improved understanding of preoperative seizure risk factors and postoperative seizure outcomes is needed.
To our knowledge, only 4 studies in the past 35 years have directly examined both pre-and postoperative seizures in patients with meningioma, 5, 8, 37, 51 with another 5 manuscripts investigating various aspects of seizures after meningioma resection. 9, 18, 53, 62, 69 Nevertheless, several studies examining other aspects of meningioma surgery, such as predictors of growth and extent of resection, also report data regarding seizure rates and associated factors. Thus, a significant amount of information regarding seizure predictors in patients with meningioma is present in the existing literature, although it has not yet been compiled or methodically reviewed.
In the present study, we performed the first systematic review of seizure rates and predictors in patients with supratentorial meningioma. We examined the published literature for factors associated with both pre-and postoperative seizures with these lesions, and further analyzed associated variables with formal meta-analyses. Our goals included improved prediction of which meningiomas harbor epileptogenicity and a better understanding of seizure outcomes in meningioma surgery, and we readdressed the question of whether prophylactic perioperative AEDs are warranted in patients without epilepsy.
methods article selection and data extraction
We performed a PubMed query for articles published between January 1980 and September 2014 with the search terms "meningioma AND seizure" or "meningioma AND epilepsy." Initially, 730 manuscripts were returned and evaluated for potential inclusion. References from reviewed manuscripts were examined for other potential studies for inclusion. Inclusion required primary clinical data regarding the incidence of preoperative and/ or postoperative seizures in patients with supratentorial meningioma. To control data quality, only peer-reviewed, published manuscripts were included, and meeting abstracts and presentations were not considered. The process of manuscript selection, including exclusion criteria, is illustrated in Fig. 1 .
In total, 39 manuscripts met both inclusion and exclusion criteria, including 33 papers with data regarding preoperative seizures, and 18 studies with postoperative seizure data (12 manuscripts included data regarding both pre-and postoperative seizures). For seizure outcomes after tumor resection in patients with preoperative seizures, a minimum of 6 months of postoperative follow-up was required, and outcomes were evaluated using a modified Engel classification system. 13 Patient data were stratified according to the following variables, where disaggregation in relationship to preoperative and/or postoperative seizure status was possible: age, sex, tumor hemisphere and location, presence of headache or neurological deficit, tumor size, presence or absence of peritumoral edema on neuroimaging, and WHO histopathological classification of tumor grade. In addition to these factors, patients included in postoperative seizure analysis were also evaluated for seizure type, history of previous radiation treatment for the meningioma, extent of tumor resection, evidence of postoperative tumor progression, and the use of AED prophylaxis (at least 3 days in the perioperative period) in patients without preoperative seizures. For the purposes of this study, extent of resection was considered gross-total for Simpson Grade 1-3 resection and subtotal for Simpson Grade 4-5 removal. 57 This study was prepared according to the Preferred Reporting Items for Systematic Reviews and Meta-Analyses (PRISMA) statement. 42 
statistical analysis
Rates of pre-and postoperative seizures were calculated across all patients and stratified by various factors of interest. For summary purposes, initial between-group comparisons were performed using Pearson's chi-square tests. Variables found to be potentially associated with pre-or postoperative seizures on initial review (p < 0.05) were dichotomized and analyzed with separate metaanalyses. To limit selection bias, meta-analysis was only performed on a variable if data regarding that variable were available from at least 5 different manuscripts and across at least 2 separate conditions. As an example, although more than 5 manuscripts reported data regarding patient age, fewer than 5 of these studies contained patients from both conditions (pediatric and adult) in the Fig. 1 . Flowchart summarizing the manuscript selection process. Inclusion criteria (*) required manuscripts with primary clinical data regarding the incidence of preoperative and/or postoperative seizures in patients with supratentorial meningioma. Exclusion criteria included studies reporting data on < 10 patients, language other than English, insufficient disaggregation to determine precise seizure rates, or data redundant with another manuscript. Overall, 39 manuscripts met both inclusion and exclusion criteria.
same study, so the potential effect of pediatric versus adult age group on seizure status could not be formally metaanalyzed. For each meta-analysis, heterogeneity across the studies was evaluated using the Cochran Q statistic, and a fixed-effects model was used to generate a pooled proportion. Individual studies were weighted using the inverse variance method, and between-group hypothesis testing was performed on the calculated odds ratio of the pooled proportions. Forest plots were generated to express effect size across all studies for each variable. Odds ratios were calculated with a 95% confidence interval. The Friedman and Kendall W tests were used to test data heterogeneity between studies to ensure that a fixed-effects model was appropriate. The possible effect of publication bias was assessed using funnel plots. Statistical analysis was performed using SPSS version 20 (SPSS, Inc.) with significance assessed at p < 0.05.
results
Thirty-nine studies reporting seizure rates and associated factors in patients with supratentorial meningiomas were analyzed.
1, [3] [4] [5] [6] 8, 9, 11, 12, [18] [19] [20] [21] [22] 25, 26, [28] [29] [30] [35] [36] [37] [38] 40, 41, 43, 48, [51] [52] [53] 55, 59, 60, [62] [63] [64] [68] [69] [70] All investigations were retrospective observational case series, and no prospective controlled trials were identified.
Preoperative seizures were examined across 33 manuscripts including 4709 patients (63% female), with 10-946 patients per report (Table 1) . Although most investigations included only adult patients, several studies of pediatric meningioma were also identified, and some manuscripts included mixed age populations. Overall, seizures were observed in 29.2% of patients with supratentorial meningioma, with rates varying between 12% and 76% across individual studies.
Several factors were evaluated for a potential relationship with preoperative seizures, where data were available (Table 2) . Of the 33 studies examined, 9 manuscripts (27%) contained data for > 75% of the variables of interest, whereas 6 studies (18%) included data for < 25% of the factors examined. Seizures were more common among males compared with females, in adults versus children and adolescents, and in patients with peritumoral edema or without headaches compared with their counterparts. Among common tumor locations, seizure rates were higher with parasagittal or convexity tumors, and lower with skull base lesions. No significant difference in seizure incidence was seen with tumor side, size, or pathological grade, or with the presence or absence of neurological deficit. Formal meta-analyses were then performed to evaluate each of 5 potential predictors of preoperative seizures ( Fig. 2) , with the exception of age, given that fewer than 5 manuscripts included disaggregated data for both adult and pediatric patients in the same study. We observed that seizures were significantly more common in males versus females (OR 1.74, 95% CI 1.30-2.34) ( Fig. 2A) , and in patients without a history of headache, compared with those with headaches (OR 1.77, 95% CI 1.04-3.25) (Fig.  2B) . The presence of peritumoral edema on neuroimaging was the strongest predictor of seizures, with an OR of 7.48 (95% CI 6.13-9.47) (Fig. 2C) . Finally, meningiomas not located at the skull base were significantly more likely to cause seizures than skull base tumors (OR 1.77 95% CI 1.04-3.25) (Fig. 2D) .
We then evaluated the rates of postoperative seizures after meningioma resection in patients with or without seizures before surgery. Seizure outcomes in patients with preoperative seizures were available from 14 studies of 703 patients, including between 5 and 101 individuals per study (Table 3) . Overall, 69.3% achieved seizure freedom (Engel Grade I outcome) after tumor resection, whereas 30.7% of these individuals experienced persistent seizures (Engel Grades II-IV outcome). Fourteen manuscripts reported rates of new postoperative seizures across 1085 in- dividuals without a history of seizures, with study sizes ranging from 11 to 180 patients (Table 4) . Overall, 12.3% of these patients had new epileptic events after resection. Factors associated with postoperative seizures were then examined in patients with or without preoperative seizures (Table 5) . Of the 23 studies examined, 5 investigations (22%) included data for > 75% of the variables of interest, whereas 3 manuscripts (13%) included data for < 25% of the factors examined. Among patients with preoperative seizures, a strong association was observed between persistent postoperative seizures and peritumoral edema. Across tumor locations, persistent seizures were most common with sphenoid wing and parasagittal lesions. Also, tumor progression after surgery was associated with seizure recurrence. Among patients without preoperative seizures, new postoperative seizures were more common in those with a history of previous radiation, and in individuals with gross-total resection. However, the total number of patients with new seizures in each of these categories was low (9-11 patients), limiting the ability to draw conclusions. Of note, the rates of new postoperative seizures were similar between individuals who did or did not receive perioperative AED prophylaxis, with this analysis restricted to patients without preoperative seizures. No relationship was observed between postoperative seizures and other variables interrogated.
Meta-analysis of tumor location revealed that postoperative seizures were somewhat less common with skull bases meningiomas than non-skull base lesions, although this difference was not significant (OR 0.85, 95% CI 0.45-1.46) (Fig. 3) . Finally, sufficient data for formal meta-analysis (at least 2 conditions from 5 manuscripts) were not available to further examine the relationship between other factors, such as peritumoral edema or tumor progression, and postoperative seizures.
discussion
In the present study, we report the first systematic review and meta-analysis of both pre-and postoperative seizures in patients with meningioma, including data from 39 studies. Overall, preoperative seizures were present in 29.2% of 4709 patients with supratentorial meningioma. After resection, seizure freedom was achieved in 69.3% of 703 individuals with seizures before surgery, and new epileptic events were observed in 12.3% of 1085 patients without preoperative epilepsy. Several factors were found to be associated with tumor-related seizures, allowing insight into seizure prediction, treatment, and prevention in supratentorial meningioma.
The rates of both pre-and postoperative seizures were more than double in patients with peritumoral edema than in individuals without this neuroimaging finding. Brain edema is found in between one-third to two-thirds of intracranial meningiomas, and several previous studies have observed a relationship between edema and epilepsy. 5, 11, 29, 37, 38 Vasogenic peritumoral edema in meningioma is believed to be related to angiogenesis and increased pial blood supply, and has been associated with increased expression of vascular endothelial growth factor, metallo- Two studies found edema to be most common with convexity or parasagittal meningiomas, 11,38 but another did not observe a relationship to location, 29 and no consistent association between edema and tumor size or pathological subtype is present across studies. 11, 29, 38, 49 Some groups have also suggested a relationship between brain invasion and edema, 39, 44 although it is unclear if edema resulting from tumor infiltration differs from vasogenic edema in meningiomas without invasion. 31, 39 Brain invasion was not investigated in our study, as these data were not reported in the source studies we examined. Given the relationship between angiogenesis and edema, further research may consider whether antiangiogenic agents that are being explored for meningioma therapy may also have antiepileptic effects.
Although meningiomas are more common in females and adults, our findings suggest that among patients with these lesions, males and children are more likely to suffer from preoperative seizures. Although the reasons for this are not fully understood, it is known that across all causes of epilepsy, the incidence is slightly higher in men than women and in children than in adults. 33 Interestingly, preoperative seizures were also more common in patients without a history of headache in our study. One could speculate that headaches may lead to earlier discovery of these lesions before seizures develop, although this has not been previously established.
With regard to tumor location, we observed the highest rate of preoperative seizures in non-skull base lesions, such as parasagittal or convexity meningiomas. The propensity for convexity tumors to cause seizures has been previously described, 37 and may be related to the extent of cortex affected by meningiomas in these locations, although tumor size itself was not identified as a risk factor in our study. Interestingly, the opposite trend was observed with postoperative seizures, which were much less common in convexity lesions and more frequently observed with skull base tumors, such as those at the sphenoid wing. It is unknown if this distinction is influenced by surgical factors, such as greater use of brain retraction in skull base resections.
In patients without preoperative epilepsy, equivalent rates of new postoperative seizures were seen with or without the use of prophylactic anticonvulsants. Previous studies have also failed to demonstrate benefit with prophylactic AEDs in meningioma surgery. 32, 60 A randomized, controlled trial of valproic acid prophylaxis in all brain tumor surgery published in 1996 suggested that individuals receiving prophylaxis actually had a nonsignificantly increased rate of seizures compared with patients receiving placebo. 24 Soon after, the American Academy of Neurology advised against long-term AED prophylaxis in patients with newly diagnosed brain tumor, 23 and metaanalysis of the literature provided further evidence against the prophylactic use of antiseizure medications. 58 Thus, evidence to date does not support the routine use of AED prophylaxis in meningioma surgery, although a potential role for short-term perioperative prophylaxis in select cases of high seizure risk, such as tumors with significant edema, deserves further exploration. It is also important to note that in the present study there was variability between prophylactic AED regimens used at different centers. In most cases, AEDs were first administered intraoperatively and continued for 3-7 days postoperatively (a minimum of 3 days of prophylaxis was required for inclusion). Also, although phenytoin was the most common agent used for prophylaxis, levetiracetam has become a more popular choice in more recent patient series. Limitations related to practice variability must be considered when interpreting the findings of the present study.
In epilepsy associated with other intrinsic brain tumors, such as gliomas or glioneuronal tumors, seizure freedom after surgery is predicted by gross-total resection. 14, 15, 17 We did observe a trend between tumor regrowth and seizures after surgery, suggesting a relationship between cytoreduction and seizure freedom, which has also been reported by others. 8, 69 However, gross-total resection itself did not predict postoperative seizure freedom after surgery. Indeed, new postoperative seizures in patients without previous epilepsy were more common after gross-total resection, although the small number of patients with new seizures in this comparison limits our ability to draw clear conclusions. Also, it is unknown if new postoperative seizures may be related to greater brain manipulation with more aggressive resection. Notably, most studies demonstrating a connection between extent of resection and seizure outcome in glioma and glioneuronal tumors focus on patients with medically refractory epilepsy, whereas our study includes both patients with medically controlled and intractable seizures. Unfortunately, we identified only 1 study that specified the proportion of patients with medically refractory epilepsy (38% of 84 individuals with seizures), 5 and no manuscripts disaggregated postoperative seizure outcome based on preoperative seizure control on AEDs. Improved characterization of seizure outcomes in meningioma patients with intractable epilepsy will be a critical goal for future studies, given the significant impact that seizure freedom has on quality of life in these individuals.
There are several other limitations of the present study that should be addressed, including inherent limitations in meta-analysis techniques that have been recently discussed by Sampson and Barker. 56 A meta-analysis combines data from related studies to generate a larger number of patients, and thus enhance the ability to detect statistically reliable differences between comparison groups. However, the reliability of our results is dependent on the quality of data collected by others, and selection bias may influence the generalizability of our findings. Although high-quality meta-analysis requires a certain degree of homogeneity between studies, the potential heterogeneity in patient populations at various treatment centers must be considered. Although measures were used to optimize the selection of dependable source studies, all investigations performed on the topic of seizures in meningioma have been retrospective in nature, and are therefore susceptible to recall bias. Furthermore, there are probably interactions among variables associated with tumor-related seizuressuch as brain edema and tumor characteristics-but potential confounders could not be explored here, because the nature of meta-analysis precludes multivariate analysis.
We examined studies performed over a long period of time (< 30 years), which has the advantage of capturing a larger and more representative patient sample. However, while the natural course of meningioma and seizures has probably not changed over this time, diagnostic and surgical technologies certainly have. This must be considered in interpreting our results regarding postoperative seizures, although we did not observe any time-related trends in the associations we found. Despite these limitations, our study summarizes for the first time the rates and predictors of seizures in a very large sample size that would probably be otherwise unachievable, even with a multicenter prospective study. The present study demonstrates on a large scale that peritumoral edema is the strongest predictor of both pre-and postoperative seizures in meningioma, that favorable seizure outcomes are typically achieved with resection in patients who have seizures, and that perioperative anticonvulsant prophylaxis probably does not decrease the risk of new seizures in patients without epilepsy. In our clinical practice, these findings have led to decreased use of perioperative AED prophylaxis, except in patients with significant peritumoral edema on MRI.
conclusions
Tumor-related epilepsy significantly impacts patient quality of life. Although seizures are very common in patients with supratentorial meningioma, the rates and predictors of seizures in this population have been significantly under-studied, even in comparison with other brain tumor types. In the first systematic review and meta-analysis to address this topic, we observed that approximately 30% of patients with meningioma suffer from seizures, and seizure freedom is achieved with resection in nearly 70% of those individuals. Peritumoral edema is the factor most strongly related to seizures, and differences are also seen based on patient demographics and tumor location. In patients without preoperative epilepsy, 12% experience new seizures after surgery, and this rate was not altered with the use of prophylactic AEDs. These results have important implications for seizure prediction, treatment, and prevention in patients with meningioma. 
